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BMP signals play pivotal roles in dorsoventral
patterning of vertebrate embryos. The role of
Ppp4c, the catalytic subunit of ubiquitous protein
phosphatase 4, in vertebrate embryonic develop-
ment and underlying mechanisms is poorly under-
stood. Here, we demonstrate that knockdown of
zebrafish ppp4cb and/or ppp4ca inhibits ventral
development in embryos and also blocks ventralizing
activity of ectopic Smad5. Biochemical analyses
reveal that Ppp4c is a direct binding partner and tran-
scriptional coactivator of Smad1/Smad5. In response
to BMP, Ppp4c is recruited to the Smad1-occupied
promoter, and its phosphatase activity is essential
in inhibiting HDAC3 activity and, consequently,
potentiating transcriptional activation. Consistently,
genetic or chemical interference of Hdac3 expression
or activity compromises the dorsalizing phenotype
induced by ppp4cb knockdown. We conclude that
Ppp4c is a critical positive regulator of BMP/Smad
signaling during embryonic dorsoventral pattern
formation in zebrafish.
INTRODUCTION
Formation and patterning of vertebrate embryos require
coordinated action of various extracellular cues, including
bone morphogenetic protein (BMP), Wnt/b-catenin, and Nodal
signals. BMP signals form a gradient along the dorsoventral
axis, with the highest levels in the ventral region for specifica-
tion of ventral mesoderm fate and epidermal fate of the ecto-
derm (De Robertis and Kuroda, 2004; Schier and Talbot,
2005). One way to establish the BMP signal gradient isDevelopmachieved by controlling expression of BMP antagonists from
the dorsal organizer that are activated by b-catenin and Nodal
signals. As being well demonstrated in Xenopus and zebrafish,
upregulation of BMP signaling leads to embryonic ventralization
with expansion of ventral/posterior tissues at the expense of
dorsal/anterior tissues, whereas downregulation of BMP
signaling causes embryonic dorsalization with reduction of
ventral/posterior tissues (Ambrosio et al., 2008; Bauer et al.,
2001; Dick et al., 2000; Dosch et al., 1997; Fainsod et al.,
1994; Fauny et al., 2009; Graff et al., 1994; Hammerschmidt
et al., 1996; Khokha et al., 2005; Kishimoto et al., 1997; Lee
et al., 2006; Piccolo et al., 1996; Pyati et al., 2005; Reversade
and De Robertis, 2005; Reversade et al., 2005; Sasai et al.,
1995; Schmid et al., 2000; Tucker et al., 2008; Zimmerman
et al., 1996).
BMPs, members of the transforming growth factor b (TGF-b)
superfamily, regulate biological processes mainly through
a conserved signal pathway consisting of specific type I and II
serine/threonine receptors at the cell surface membrane and
intracellular effector Smad. Upon binding of BMP, the activated
receptor complex phosphorylates receptor-regulated Smads,
i.e., Smad1/Smad5/Smad8, which translocate into the nucleus
and regulate gene transcription (Feng and Derynck, 2005;
Nohe et al., 2004; Wagner et al., 2010). Smad1/Smad5/
Smad8 control transcription through their interaction with a
variety of transcription factors and/or cofactors, including
chromatin-remodeling factors such as histone acetyltrans-
ferases (HATs) or histone deacetylases (HDACs) (Cho et al.,
2008; Kim and Lassar, 2003; Nakashima et al., 1999; Pearson
et al., 1999).
Ppp4c, the catalytic subunit of protein serine/threonine phos-
phatase 4 (Ppp4), is highly conserved from invertebrates to
vertebrates (Cohen et al., 2005). Previous work reported that
reduced levels of Ppp4c in C. elegans and Drosophila result in
decreased viability of embryos (Helps et al., 1998; Sumiyoshi
et al., 2002), and total deficiency of Ppp4c in mice leads to
embryonic lethality before embryonic day 9.5 (Shui et al.,ental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1065
Figure 1. ppp4ca and ppp4cb Spatiotemporal
Expression Patterns and Their Functions on
Dorsoventral Patterning in Zebrafish Embryos
(A) Spatiotemporal expression pattern of ppp4ca and
ppp4cb mRNA in zebrafish embryo, detected by whole-
mount in situ hybridization, at indicated stages. Embryos
in the first four columns were lateral views with the animal
pole oriented to the top, whereas the others were oriented
with anterior to the left.
(B) Distribution of endogenous Ppp4c protein in zebrafish
embryo at the shield stage, visualized by indirect immu-
nofluorescence (green). The nuclei (blue) were stained
with DAPI. Left: 3D reconstruction of stained embryos
viewed from the animal pole by Zeiss ZEN 2009 software;
right: subcellular location of Ppp4c at a higher magnifi-
cation.
(C) Morphological changes in ppp4ca (p4ca) and ppp4cb
(p4cb) morphants at 24 hpf. Of note, p4ca or p4cb mor-
phants exhibited variant necrosis, an off-target effect that
was alleviated by coinjection of p53-MO. aMO, ppp4ca-
MO; bMO, ppp4cb-MO.
(D) Embryonic dorsalization induced by knockdown of
ppp4ca/b was confirmed by examining several dorso-
ventral markers’ expressions. For the dorsal markers chd
and gsc, embryos at the shield stage were dorsal views
with the animal pole oriented to the top; for the ventral
markers gata2 and eve1, embryos were animal-pole views
at the shield stage with the dorsal side oriented toward
the right. ctr, uninjected embryos as control. The ratio
indicated at the right corner was the number of embryos
with altered marker expression/the number of observed
embryos.
See also Figure S1.
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Ppp4c Is Required for BMP Signaling2007). Via its phosphatase activity, Ppp4c dephosphorylates
a wide range of downstream substrates and has been implicated
in various signaling pathways. For example, Ppp4c regulates
activation of the NF-kB pathway (Hu et al., 1998), hematopoietic
progenitor kinase 1 (HPK1)-induced c-Jun N-terminal kinase
(JNK) activation (Zhou et al., 2002, 2004), HDAC3-mediated
histone modification (Zhang et al., 2005), apoptosis regulator
PEA-15 (Mourtada-Maarabouni and Williams, 2009), Smooth-
ened (Smo)-mediated Hedgehog signaling (Jia et al., 2009),
histone H2AX (Chowdhury et al., 2008; Nakada et al., 2008),
and the dynein regulator Nudel/Ndel1 (Toyo-oka et al., 2008).
However, the role of Ppp4c in early embryonic development
and its underlying mechanisms remain largely elusive.
In this study, we investigated the role of Ppp4c in early
patterning of zebrafish embryos. We show that knockdown of
ppp4c expression causes embryonic dorsalization and that
ppp4c is required for ventralizing activity of BMP signaling in
zebrafish embryos. Ppp4c directly binds to Smad1/Smad5
and is recruited to the Smad-occupied promoter, where it
potentiates transcription through repressing HDAC3 activity in
a manner dependent on its phosphatase activity. Consistently,
embryonic dorsalization induced by Ppp4c knockdown is coun-
teracted by ectopic Smad5 expression or Hdac3 knockdown.
Our results extend the cellular function of Ppp4c to being
a Smad coactivator in BMP signaling and establish the critical
role of Ppp4c in dorsoventral patterning during early vertebrate
embryogenesis.1066 Developmental Cell 22, 1065–1078, May 15, 2012 ª2012 ElseviRESULTS
Two ppp4c Genes Are Expressed during Zebrafish
Embryogenesis
The zebrafish genome contains two ppp4c genes: ppp4ca and
ppp4cb. The products Ppp4ca and Ppp4cb are nearly identical
(with 95.5% identity) and share an identity of 94.8% and 98% to
human PPP4C, respectively. As the first step to study the function
of highly conserved Ppp4c, we investigated the spatiotemporal
expression pattern of ppp4ca and ppp4cb by using whole-mount
in situ hybridization. Results indicated that both genesweremater-
nally expressed, and their transcripts were ubiquitously distributed
in thewholeblastodermuntil theshieldstage (Figure1A).Their tran-
script levels decreased during gastrulation, and increased in the
head region during segmentation period. At 48 hr postfertilization
(hpf), transcription of ppp4ca and ppp4cb occurred weakly in the
head region andwas almost undetectable in other regions. Indirect
immunofluorescence using an anti-PPP4C antibody that recog-
nizes both Ppp4c-a/b further confirmed the ubiquitous expression
ofPpp4c in thewhole blastodermat the shield stage (Figure1B, left
panels), where Ppp4c was distributed throughout the cells with
prominent nuclear localization (Figure 1B, right panels).
ppp4ca and ppp4cb Are Required during Dorsoventral
Patterning in Zebrafish Embryos
To explore the functions of ppp4ca and ppp4cb, we first deter-
mined the effect of Ppp4c depletion on the dorsoventraler Inc.
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or ppp4cb mRNA species were designed to target dif-
ferent sequences in the corresponding 50 untranslated region
(50 UTR). The effectiveness of these morpholinos was confirmed
by their ability to block the expression of the corresponding 50
UTR-GFP reporters (see Figure S1 available online). Injection
with any of these morpholinos alone at the one-cell stage
caused gross neural necrosis at 24 hpf (Figure 1C). Coinjection
of these morpholinos with p53-MO, which presumably relieves
the general off-target effect of morpholinos (Robu et al., 2007),
largely eliminated neural necrosis and resulted in dorsalized
phenotypes such as smaller posterior trunk, thinner and curved
tail, and a reduction of the yolk extension at 24 hpf (Figure 1C).
Embryonic dorsalization caused by ppp4ca or ppp4cb depletion
was further confirmed by the expression domains of several
dorsoventral markers. As shown in Figure 1D, knockdown of
ppp4cb caused an expansion of the organizer-specific marker
chordin at the shield stage, and led to a reduction of the ventral
marker gata2 (in the ventral ectoderm) at the shield stage.
Consistently, the embryos injected with ppp4ca-MO1,
ppp4ca-MO2, ppp4cb-MO1, or ppp4cb-MO2 all showed an
expansion of the dorsal organizer marker goosecoid (gsc) at
the shield stage, whereas the expression of the ventral marker
gene eve1 decreased in the same embryos. Notably, simulta-
neous knockdown of ppp4ca and ppp4cb exhibited further
decrease of eve1 expression and slightly further increase of
gsc at the shield stage, compared to individual knockdown.
These results suggest that ppp4ca and ppp4cb are required
for development of ventral tissues in zebrafish embryos.
Because knockdown of either ppp4c gene resulted in similar
notable defects, our subsequent analyses were focused on
ppp4cb.
To further substantiate the ventralizing activity of ppp4c, we
examined the effect of ppp4cb overexpression in dorsoventral
patterning at different stages. We found that at the shield stage,
embryos injected with 50 pg ppp4cb mRNA consistently
showed gsc reduction as well as the expansion of two BMP-
regulated genes, eve1 and gata2, all indicative of ventralized
phenotype (Figure 2A, a versus b). Importantly, ectopic expres-
sion of ppp4cb could reverse the ppp4cb-MO1-induced gsc
expansion as well as eve1 and gata2 reduction, as reflected
by the percentage of normal embryos (Figure 2A, d versus
a–c) and nearly normal gsc expression level in the coinjected
embryos (data not shown). At the bud stage, 89.3% (n = 56)
of ppp4cb-MO1-injected embryos exhibited an ovoid shape,
characteristic of dorsalization (Rui et al., 2007; Xiong et al.,
2006), and this dorsalized morphology was reduced to 5.8%
when coinjected with 50 pg ppp4cb mRNA (Figures 2B–2E),
consistently supporting the specific ventralizing ability of
Ppp4cb. Moreover, injection of ppp4cb-RL mRNA, encoding
the phosphatase-dead Ppp4cb (similar to human PPP4C-RL;
Hu et al., 1998), failed to rescue ppp4cb-MO1-induced dorsal-
ized phenotype at the bud stage (Figure 2G). Embryos injected
with ppp4cb-RL mRNA alone exhibited normal embryonic
morphology at the bud stage (Figure 2F) and 24 hpf (Figure S2A),
suggesting that Ppp4c’s ventralizing ability requires its phos-
phatase activity. Collectively, these data establish ppp4c as
an indispensable factor for early dorsoventral patterning in
zebrafish embryos.DevelopmPpp4cb Is Required for Ventralizing Activity of BMP
Signals during Embryonic Patterning
Zebrafish embryos with ectopically enhanced BMP signaling
exhibit variable degrees of ventralization (Kishimoto et al.,
1997). In our hands, bmp2b (10 pg) overexpression caused
expansion of the ventral markers gata2, eve1, and foxi1 at the
shield stage at the expense of the dorsal markers such as gsc
(Figure 3A). We then examined whether Ppp4c functionally
modulates BMP signaling involved in earlier dorsoventral
patterning in zebrafish embryos. Interestingly, coinjection of
10 pg bmp2b mRNA and 1 ng ppp4cb-MO1 showed a mutual
rescuing effect at the shield stage (Figures 3A and 3B). At the
bud stage, coinjected embryos had relatively normal mor-
phology instead of the ovoid morphology induced by ppp4cb-
MO1 single injection (Figures 3C–3F). We further tested func-
tional interactions between ppp4cb and smad5, an essential
intracellular effector of BMP signaling in zebrafish embryos
(Hild et al., 1999; Kramer et al., 2002). As observed at the bud
stage, the ppp4cb-MO1 (1 ng)-induced ovoid shape was largely
antagonized by coinjection of 100 pg casmad5mRNA encoding
constitutively active Smad5 (Figures 3G and 3H). This functional
interaction between Ppp4c and BMP signaling appeared to be
specific because knockdown or overexpression of ppp4cb ex-
hibited little effect on the expression of boz, a direct target of
Wnt signaling, and on the expression of vent, a ventral marker
that is primarily regulated by zygotic Wnt signaling during early
gastrulation (Figure S3). These results collectively suggest that
Ppp4cb positively modulates Smad-mediated BMP signaling in
dorsoventral patterning of zebrafish embryos.
PPP4C Enhances BMP2 Cellular Responses in
Mammalian Cells
To elucidate further the Ppp4c function and mechanisms on
BMP signaling, we examined how Ppp4c impacts BMP2-
induced transcriptional responses in mammalian cells. ID1-luc
was used, which is a luciferase reporter driven by the promoter
of the BMP target gene Inhibitor of Differentiation 1 (ID1) (Korch-
ynskyi and ten Dijke, 2002). When exogenously expressed in
human hepatoma Hep3B cells, zebrafish Ppp4ca/b and human
PPP4C exhibited similar ability in enhancing the BMP2-induced
transactivation of ID1-Luc reporter (Figure 4A). In mouse C2C12
myoblast cells, overexpression of human PPP4C also enhanced
the transactivation of ID1-Luc reporter in a dose-dependent
manner (Figure 4B). Notably, phosphatase-dead mutant
PPP4C-RL (Hu et al., 1998) was ineffective in the same assay,
suggesting that PPP4C modulates BMP signaling in a phospha-
tase activity-dependent manner (Figure 4B). Because human
PPP4C residedmainly in the nucleus whenever it was ectopically
expressed (Figure 4C) or at endogenous level (Figure 4D), we
tested whether nuclear PPP4C would potentiate Smad1-medi-
ated transcriptional activation using the heterologous GAL4
system. As expected, BMP2 stimulation could induce transcrip-
tion activity of the GAL4-fused Smad1 MH2 domain, which was
reflected by the induced FR-Luc reporter expression (Figure 4E).
In the same assay, although GAL4-PPP4C itself did not exhibit
any transactivation activity, PPP4C enhanced the GAL4-
Smad1-mediated transactivation of the FR-Luc reporter;
however, the phosphatase-dead mutant PPP4C-RL had no
such effect (Figure 4E).ental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1067
Figure 2. Overexpression of ppp4cb mRNA Antagonizes Dorsalizing Effect of ppp4cb Knockdown in Zebrafish Embryos
(A) The rescuing effect of ppp4b (p4cb) mRNA on ppp4cbMO1 (bMO1)-induced dorsalized phenotype at the shield stage, as demonstrated by the expression of the
dorsal marker gsc and the ventral markers eve1 and gata2. The statistical data are shown in the bar graphs with the number of observed embryos indicated below.
(B–G) ppp4cbMO1 (bMO1)-induced dorsalized phenotype (elongated shape) at the bud stage was rescued by coinjection of ppp4cbmRNA, but not ppp4cb-RL
(p4cb-RL) mRNA.
See also Figure S2.
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Figure 3. Genetic Interactions between Ppp4c and Components of the BMP Signaling Pathway
(A and B) Marker alterations at the shield stage caused by 10 pg bmp2b mRNA or 1 ng ppp4cb-MO1 (bMO1) were mutually inhibited by their coinjection. gsc,
dorsal views; gata2 and eve1, animal-pole views with dorsal to the right; foxi1, lateral views with dorsal to the right. Statistical data for marker expression are
shown in (B). Blue, red, and yellow indicated normal, increased, and decreased expression levels, respectively. The number of observed embryos was indicated.
(C–H) ppp4cb-MO1 (bMO1, 1 ng)-induced elongated shape at the bud stage was rescued by coinjection of bmp2b (10 pg) or casmad5mRNA (100 pg) encoding
constitutively active Smad5.
See also Figure S3.
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the cellular BMP responsiveness requires Ppp4c in C2C12 cells.
To this end, two C2C12 cell lines stably expressing Ppp4c-
shRNA (KD#1 and KD#2 cells) were independently established.
Ppp4c depletion attenuated the BMP2-induced Id1 expression,
whereas BMP2-induced phosphorylation of Smad1 remained
unchanged (Figures 4F and S4). In addition, PPP4C depletion
impaired BMP-induced osteoblastic differentiation of C2C12
cells. As shown in Figure 4G, the early osteoblastic differentiation
marker alkaline phosphatase (ALP) was induced in parental
C2C12 cells upon BMP2 stimulation up to 72 hr. In sharpDevelopmcontrast, the induction of ALP was dramatically repressed in
KD#1 and KD#2 cells, indicating an indispensable role of
Ppp4c in BMP-induced osteoblastic differentiation of C2C12
cells. Collectively, our results reveal Ppp4c as a critical factor
that positively modulates BMP cellular responses in mammalian
cells.
Ppp4c Is a Direct Interacting Partner of Smad1
In a parallel study, we identified Ppp4c as a Smad-binding
protein in a yeast two-hybrid screen (data not shown). The
association between Ppp4c and Smad1/Smad5 was furtherental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1069
Figure 4. PPP4C Enhances BMP Signaling in Mammalian Cells
(A) Zebrafish and human PPP4C enhanced the BMP2-induced ID1-Luc reporter expression. Indicated plasmids were cotransfected with ID1-Luc into Hep3B
cells. The luciferase activity was measured 20 hr after BMP2 stimulation. The expression levels of transfected plasmids are shown in order in the lower panel. IB,
immunoblot; RLU, relative luciferase activity; Vec, control vector pRK5; zP4ca and zP4cb, zebrafish Ppp4ca and Ppp4cb; hP4C, human PPP4C.
(B) Human PPP4C required its phosphatase activity to enhance ID1-Luc reporter expression. PPP4C-RL is a phosphatase-dead mutant of human PPP4C. The
expression levels of transfected plasmids are shown in order in the lower panel.
(C) Overexpressed Myc-PPP4C in C2C12 cells was visualized by indirect immunofluorescence with or without BMP2 stimulation for 1 hr.
(D) Endogenous Ppp4cwas detected bywestern blot in both cytoplasmic and nuclear fractions of C2C12cells. GADPH and LaminA/C served as the cytoplasmic and
nuclear protein loading controls, respectively. C-terminal phosphorylation of Smad1wasdetectedwith ananti-Phospho-Smad1 antibody (Cell Signaling Technology).
(E) PPP4C enhanced the transcriptional activity from a Smad1-occupied promoter. FR-Luc reporter was transfected into Hep3B cells together with the
combinations of GAL4-Smad1 (GAL4-S1) and Myc-tagged PPP4C (WT) or mutant PPP4C-RL (RL). The luciferase activity was measured after cells were treated
with or without BMP2 for 20 hr.
(F) Ppp4c depletion in C2C12 cells inhibited BMP-induced expression of endogenous Id1. Cell lysates were prepared from Ppp4c-KD#1 and control (CTRL)
C2C12 cells stimulated with BMP2 for 2 hr. The expression levels of various proteins were examined by western blot. b-Actin served as the loading control.
(G) Ppp4cdepletion inC2C12cells inhibitedBMP2-inducedosteoblastic differentiation. C2C12cellswere treatedwithBMP2 for up to4days to induceosteoblastic
marker expression. Cell lysates were harvested at indicated time points and subjected to analysis of ALP activity. The time course of ALP activity was plotted.
Data are presented with mean ± SD. See also Figure S4.
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Ppp4c Is Required for BMP Signalingconfirmedunder physiological conditions. As shown in Figure 5A,
immunoprecipitation (IP) of endogenous Smad1 with an anti-
Smad1 antibody, but not IgG (Rabbit) control, specifically
retrieved endogenous Ppp4c in C2C12 cells. Consistently, we
were able to detect Smad1 and Smad5 from anti-PPP4C immu-
noprecipitates in the reciprocal coIP assays (Figures 5B and 5C).
To evaluate whether the Ppp4c-Smad1 interaction is direct,
we conducted in vitro interaction assay where only recombinant
proteins were used. As seen in Figure 5D, in-vitro-synthesized
human PPP4C was pulled down by glutathione S-transferase
(GST)-fused Smad1, Smad1 MH1, and/or MH2 domain but not
its linker region, indicating that PPP4C directly interacts with
Smad1. We also observed the direct interaction between
Smad5 and PPP4C in a similar assay (data not shown). We
then mapped the region in PPP4C that mediates this interaction
using a series of PPP4C truncation mutants. Except the mutant
retaining only a small portion (aa 1–64) of PPP4C, all C-terminally
truncated PPP4C mutants (e.g., aa 1–128) were pulled down by
GST-Smad1 (Figures 5E–5G), suggesting that the region of aa
64–128, which overlaps the PPP catalytic domain as defined
by three conserved motifs (-G53DXHG57-, -G81DXVDRG87-,
and -G113NHE116-) (Marchler-Bauer et al., 2011), may be the
segment for Smad binding. Collectively, our results establish
Ppp4c as a direct interacting partner of Smad1/Smad5.
Ppp4c Enhances BMP Signaling Dependent of Its
Interaction with Smad1
To further evaluate the significance of the Ppp4c-Smad1 interac-
tion in modulating BMP signaling, we sought to examine whether
disrupting this interaction would affect BMP transcriptional
responses. We found that the Smad1-interacting segments of
PPP4C (such as segments comprising of aa 1–128 and aa
1–197) exhibited similar subcellular distribution as that of
full-length PPP4C in C2C12 cells (data not shown; Figure 4C).
Overexpression of these mutants inhibited the PPP4C-Smad1
interaction (Figure 5H), most likely by dominantly competing
with wild-type (WT) PPP4C for Smad1 binding. Moreover,
ectopic expression of these mutants inhibited BMP2-induced
ID1 promoter activity (Figure 5I) and the GAL4-Smad1 activity
(Figure 5J) in C2C12 cells, suggesting that disruption of the
Ppp4c-Smad1 interaction was sufficient to inhibit Smad-medi-
ated transcriptional responses.
We next examined the association between Ppp4c and
Smad1 on chromatin. We found that in zebrafish embryos at
the shield stage, endogenous Ppp4c bound to the promoter
regions of ventral marker genes including eve1, gata2, and
foxi1 (Figure 5K). Because the promoter regions of these genes
harbor Smad-binding elements (SBEs), we reasoned that
Smad1 could recruit Ppp4c to the promoters via its direct inter-
action. To confirm this, we conducted endogenous chromatin
immunoprecipitation (ChIP) assays in normal (control) and
Smad1/Smad8-depleted C2C12 cells (Figures 5L and 5M). In
control C2C12 cells, BMP2 stimulation (2 hr) induced the associ-
ation of Ppp4c to the endogenous Id1 promoter; on the contrary,
the binding of Ppp4c to the Id1 promoter was substantially
decreased in C2C12 cells depleted of Smad1/Smad8 (Fig-
ure 5M). These results suggest that Smad1 acts as an adaptor
to recruit Ppp4c to the chromatin tomediate BMP transcriptional
responses.DevelopmPpp4c Potentiates BMP Transcriptional Responses
through Modulating Histone Acetylation
Because Ppp4c modulates BMP signaling dependent of its
phosphatase activities in both mammalian cell system and ze-
brafish embryos, we sought to identify its potential substrates.
As the first logical step, we examined whether PPP4C could
dephosphorylate Smad1/Smad5/Smad8, particularly in the
negatively functional linker region (Sapkota et al., 2007). Results
in Figure S5 showed that PPP4C did not affect the linker region
phosphorylation of Smad1, nor did it impact the C-terminal
phosphorylation of Smad1 (Figures S5A and S5B). A previous
study reported that Ppp4c can dephosphorylate and inactivate
HDAC3 (Zhang et al., 2005). Because HDAC-mediated histone
deacetylation generally represses transcription, we tested
whether Smad1-recruited Ppp4c could inactivate the core-
pressor function of HDAC3 on chromatin. As expected, treat-
ment of Trichostatin A (TSA), an inhibitor of class I and class II
HDACs (including HDAC3), enhanced the BMP2-induced ID1-
Luc reporter expression in a dose-dependent manner. PPP4C
further augmented the TSA-induced reporter expression;
however, at the high dose of TSA, the PPP4C effect was less
obvious (Figure 6A). Moreover, TSA treatment in the presence
of phosphatase-dead PPP4C-RL failed to enhance BMP2-
induced ID1-Luc reporter expression (Figure 6B). These results
together suggest that PPP4C acts through inhibition of HDACs
in BMP signaling. We then specifically determined whether
PPP4C antagonizes HDAC3 activity in ID1 expression. As seen
in Figure 6C, HDAC3 inhibited BMP2-induced ID1-luc response,
which could be reversed by coexpression of PPP4C. PPP4C
inhibits the HDAC3 activity through S424 dephosphorylation,
and thus, the corresponding S424A mutant is refractory to
PPP4C-mediated inhibition (Zhang et al., 2005). Consistently,
the S424A mutant failed to inhibit BMP-induced ID1-luc
response.
We next sought to examine whether Ppp4c-Hdac3 interplay
acts on the promoter in the context of BMP signaling. As shown
in Figure 6D, BMP2 stimulation (2 hr) induced the binding of
Smad1 and Ppp4c to the endogenous Id1 promoter. The level
of acetylated histone H3 (AcH3) within the Id1 promoter also
increased upon BMP2 stimulation. Notably, Hdac3 occupied
the endogenous Id1 promoter prior to BMP2 stimulation and
moderately decreased upon BMP2 stimulation. This implies
that Smad-recruited Ppp4c may mainly inactivate (rather than
replace) Hdac3 on the endogenous Id1 promoter uponBMPacti-
vation. To further examine how the PPP4C activity impacts
histone acetylation on the Id1 promoter, we generated C2C12
cells stably expressing Flag-PPP4C and Flag-PPP4C-RL (Fig-
ure 6E). As shown in Figure 6F, PPP4C or its RL mutant did not
affect the promoter occupancy of Smad1 and/or Hdac3. Instead,
overexpression of PPP4C, but not PPP4C-RL, further increased
BMP2-induced histone H3 acetylation within the Id1 promoter
(Figure 6F), strongly supporting the notion that Ppp4c requires
its phosphatase activity to block the corepressor activity of
Hdac3 in BMP signaling.
Ablation of Hdac3 Activity Reverses Ppp4cb-MO-
Induced Embryonic Dorsalization
Having established the involvement of Hdac3 activity in Ppp4c-
mediated BMP activity, we then examined the function ofental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1071
Figure 5. Ppp4c Is a Direct Interacting Partner of Smad1 and Smad5
(A–C) Ppp4c interacted with Smad1 and Smad5 at endogenous level in C2C12 cells. The indicated proteins were immunoprecipitated or detected using
corresponding antibodies. WCL, whole-cell lysate; IP, immunoprecipitation; IB, immunoblot.
(D) PPP4C directly interacted with MH1 and MH2 domain of Smad1. In-vitro-synthesized full-length PPP4C and control GFPs were S35 labeled and incubated
with GST protein fused with WT Smad1 (GST-Smad1) or mutant forms. Retrieved proteins were detected by autoradiography (top); Coomassie blue staining
demonstrated the amount of used GST proteins (bottom).
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Ppp4c Is Required for BMP SignalingHdac3 in BMP-mediated dorsoventral patterning. We found
that at the shield stage, bmp2b mRNA-induced gsc reduction
and gata2 expansion were efficiently blocked by coinjection of
HDAC3 mRNA (Figures 7A and 7B). Furthermore, among
embryos injected with 2 ng ppp4cb-MO1 at the shield stage,
75% showed an expansion of the dorsal marker gsc, and
93% exhibited a marked reduction of the ventral mesoderm
marker eve1 (Figures 7C and 7D). The expression domain of
gsc and eve1 could be partially rescued by coinjection with
0.5 mM valproic acid (VPA), an inhibitor of class I Hdacs that
include Hdac3 (Gurvich et al., 2005; Li et al., 2009; Phiel
et al., 2001). We also examined whether genetic depletion of
hdac3 would rescue the dorsoventral patterning defects caused
by Ppp4cb depletion. Based on the previous finding that human
PPP4C selectively binds to and dephosphorylates HDAC3 but
not HDAC1/HDAC2 (Zhang et al., 2005), we specifically
compared the rescuing effect of hdac3-MO (Farooq et al.,
2008) with hdac1-MO (Pillai et al., 2004) on ppp4cb-MO1-in-
jected embryos. As shown in Figures 7E and 7F, embryonic
dorsalization caused by ppp4cb knockdown was partially
reversed by codepletion of hdac3 with 10 ng hdac3-MO. In
contrast, equal amount of hdac1-MO failed to achieve the
same effect of ppp4cb knockdown on gsc and eve1 expression.
Consistent with our biochemical analysis in mammalian cells,
these results collectively establish the role of Ppp4c-Hdac3
interplay in regulating BMP activity during the dorsoventral
patterning in zebrafish embryos.
DISCUSSION
Ppp4c plays versatile roles in cellular processes, development,
and tumorigenesis. Although it is implicated in several signaling
pathways, the underlying mechanism and physiological func-
tions for Ppp4c actions remain elusive. In the current study, we
report that Ppp4c functions in dorsoventral patterning of early
vertebrate embryos through regulating BMP signaling activity.
Mechanistically, the Smad-Ppp4c-Hdac3 hierarchy controls
transactivation of the BMP target gene promoters involved in
dorsoventral patterning. Central to this specific transcriptional
regulation is the direct interaction between Ppp4c and Smad1/
Smad5. Upon BMP stimulation, activated Smad1/Smad5 recruit
Ppp4c to the Smad-bound promoters, which is also bound
by transcriptional repressor Hdac3. On the promoter, Ppp4c
dephosphorylates/inactivates Hdac3, leads to increased histone
acetylation, and ultimately favors the transcriptional activation(E and F) Smad1 directly interacted with PPP4C. In vitro GST-pull-down assays
view in (F).
(G) A schematic view of PPP4C-Smad1 interactions.
(H) PPP4C deletion mutants competed with PPP4C for binding to Smad1. CoIP
truncation mutants was conducted in HEK293T cells.
(I and J) PPP4C truncation mutants inhibited BMP2-induced ID1 reporter activity
(K) Endogenous Ppp4c in zebrafish embryos bound to the promoter of ventral gen
to ChIP assays using anti-PPP4C antibody, followed by detection of endogenou
(L) Effective depletion of Smad1/Smad8 in C2C12 stables. Whole-cell lysates from
(S1/8-KD) were analyzed by western blot with indicated antibodies with b-actin b
(M) BMP2 induced Ppp4c binding to the endogenous Id1 promoter. On the top is
On the bottom is the ChIP result. Depletion of Smad1/Smad8 inhibited BMP2-ind
served as negative control.
Data are presented with mean ± SD.
Developm(Figure 7G). This sets an example that Smads act as an adaptor
to recruit a phosphatase to the chromatin for transcriptional
regulation in the TGF-b superfamily signaling.
Ppp4c Selectively Enhances BMP Signaling in Normal
Embryos
A previous study reported that genetic ablation of Ppp4c leads
to embryonic lethality before E9.5 (Shui et al., 2007). However,
what Ppp4c exactly targets as well as whether and how Ppp4c
activity is required during earlier embryogenesis remain unex-
plored. In this study, we took advantage of the zebrafish model
system to answer these questions. The zebrafish genome
encodes and expresses two ppp4c genes: ppp4ca and ppp4cb.
Despite their ubiquitous expression pattern during early embryo-
genesis (Figures 1A and 1B), knockdown of ppp4ca/b in
zebrafish embryos only leads to embryonic dorsalization
(Figures 1C and 1D). Then, how does ubiquitously expressed
Ppp4c selectively cause ventralization? Our studies provide
solid evidence demonstrating that Ppp4c positively regulates
dorsoventral patterning of zebrafish embryos. Ppp4c is required
for BMP signaling in both zebrafish model system (Figure 3) and
mammalian cell system (Figure 4). Consistent with the effect of
Ppp4c depletion on dorsoventral patterning, overexpression of
ppp4cb mRNA at lower doses (<100 pg) resulted in embryonic
ventralization. Moreover, coexpression of ppp4cb mRNA can
rescue the phenotype induced by ppp4ca/b knockdown (Figures
2A–2E), indicating that the ventralizing activity of Ppp4c is
specific. However, our data could not rule out the possibility
that Ppp4c might modulate BMP signaling in a Smad1/Smad5-
independent manner; hence, we could not draw the conclusion
as to whether Ppp4c acts exclusively downstream of Smad1/
Smad5.
Intriguingly, as the dose of ppp4cb mRNA increased beyond
200 pg, an increasing proportion of embryos were dorsalized
(Figure S2B). Biochemical analysis in mammalian cells revealed
that Ppp4c was able to enhance Smad2/Smad3-mediated
TGF-b signaling (data not shown). Consistent with this, embry-
onic dorsalization induced by high doses (400–800 pg) of
ppp4cb mRNA was effectively inhibited by coinjection of
dnsmad3b mRNA (Figure S2B), which encodes a dominant-
negative form of zebrafish Smad3b (Jia et al., 2008). However,
these results may not represent physiological functions of
Ppp4c. The observations that depletion of endogenous Ppp4c
or overexpression at low level of exogenous Ppp4c impacts
BMP signaling lend to our belief that Ppp4c mainly acts towere similarly conducted as in (D). The results are summarized in a schematic
analysis of Smad1-PPP4C interaction in the presence of coexpressed PPP4C
(I) and FR-Luc reporter activity (J).
es eve1, gata2, and foxi1. Zebrafish embryos at the shield stage were subjected
s promoter DNA by PCR. Anti-Rabbit-IgG ChIP served as negative control.
C2C12 cells stably expressing pSRG vector (CTRL) or shRNA-Smad1/Smad8
lot as loading control.
the diagram showing the PCR-amplified region on endogenous Id1 promoter.
uced Ppp4c binding to the Id1 promoter in C2C12 cells. Anti-Rabbit IgG ChIP
ental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1073
Figure 6. PPP4C Potentiating BMP Signaling Requires Its Phosphatase Activity to Antagonize HDAC3 Activity
(A) PPP4C and HDAC inhibitor TSA similarly enhanced BMP-induced ID1-Luc reporter activity. Plasmids encoding PPP4C and ID1-Luc reporter were transfected
into C2C12 cells. The luciferase activity was measured after cells were treated with or without BMP2 for 20 hr in the presence of vehicle or TSA at 10 or 100 nM.
(B) Upregulation of BMP signaling by TSA treatment was blocked by PPP4C-RL (PPP4C-dead mutant). C2C12 cells transfected with plasmids encoding
PPP4C-RL and ID1-Luc reporter were subjected to luciferase assays.
(C) PPP4C enhanced BMP-induced ID1 promoter activity through antagonizing HDAC3 activity. C2C12 cells transfected with a combination of indicated
plasmids were subjected to luciferase assays. In the parentheses is the amount of indicated plasmids (mg/4 well). S424A, an HDAC3 mutant that is refractory to
PPP4C activity.
(D) ChIP analysis of Id1 promoter occupancy by Smad1, Ppp4c, Hdac3, and AcH3 in response to BMP2 stimulation. C2C12 cells were treated with or without
BMP2 for 2 hr; cell lysates were subjected to ChIP assays using indicated antibodies. Anti-Rabbit IgG ChIP served as negative control. Bottom view shows that
Id1 promoters were detected by gel electrophoresis after regular PCR; top view is a diagram showing the PCR-amplified region on the Id1 promoter.
(E) Comparable ectopic expression level of PPP4C and PPP4C-RL in C2C12 stables. Whole-cell lysates fromC2C12 cells stably expressing Flag-PPP4C (F-P4C)
or Flag-PPP4C-RL (F-RL) as well as the parental C2C12 cells were analyzed by western blot with indicated antibodies. b-Actin blot served as loading control.
(F) PPP4C enhanced histone acetylation at the Id1 promoter in phosphatase activity-dependent manner. ChIP analysis in C2C12 stables and parental C2C12
cells was similarly conducted as in (D).
Data are presented with mean ± SD. See also Figure S5.
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Ppp4c Is Required for BMP Signalingpromote ventral development by enhancing BMP signaling
during normal embryonic development. This is supported by
the fact that the highest level of BMP signaling exists on the
ventral side, which is essential for recruitment of the Smad1/
Ppp4c complex to the target gene promoters.
Smad1/Smad5 Function as an Adaptor to Recruit Ppp4c
to the Chromatin
Our compelling evidence demonstrates that Ppp4c functions in
BMP-induced transcriptional response. First, Ppp4c physically1074 Developmental Cell 22, 1065–1078, May 15, 2012 ª2012 Elseviassociates with Smad1/Smad5 (Figures 5A–5G). Smad1 acts
as an adaptor to recruit Ppp4c to the Smad1-occupied promoter
in response to BMP (Figures 5M and 6D). Notably, disruption of
their interaction by coexpressing PPP4C truncation mutants
inhibits BMP2-induced transcriptional responses (Figures
5H–5J), emphasizing that the Ppp4c-Smad1/Smad5 interaction
is an integral part of the BMP signaling pathway.
Second, our results also reveal a function for the previously
reported Ppp4c-Hdac3 interplay (Zhang et al., 2005) in BMP-
induced transcriptional regulation and vertebrate embryoer Inc.
Figure 7. Downregulation of Hdac3 Activity Counteracts ppp4cb-MO1-Induced Embryonic Dorsalization
(A and B) bmp2bmRNA-induced gsc reduction (dorsal views) and gata2 expansion (animal-pole views) were rescued by coinjection ofHDAC3mRNA. Statistical
data are shown in (B).
(C and D) ppp4cb-MO1 (bMO1)-induced gsc expansion (dorsal views) or eve1 reduction (animal-pole views) was inhibited by coinjection of VPA. Statistical data
are shown in (D).
(E and F) ppp4cb-MO1 (bMO1)-induced gsc expansion (dorsal views) or eve1 reduction (animal-pole views) was blocked by coinjection of 10 ng hdac3-MO, but
not by coinjection of 10 ng hdac1-MO. Statistical data are shown in (F).
(G) Schematic diagram summarizes the working model of Ppp4c in regulating BMP signaling. In response to BMP, Ppp4c is recruited to the Smad1/Smad5-
occupied promoter and dephosphorylates/inactivates Hdac3. The HAT complex most probably associates with the heteromeric Smads complex, catalyzes the
histone tail acetylation, and ultimately favors the transcriptional activation.
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Ppp4c Is Required for BMP Signalingdorsoventral patterning. Despite its direct interaction with
Smad1, the phosphatase activity of PPP4C did not affect the
linker or C-terminal Smad1 phosphorylation (Figures S5A and
S5B), Smad1 promoter binding ability (Figure 6F), and theDevelopmPPP4C-Smad1 interaction (Figure S5C). Rather, PPP4C en-
hanced BMP/Smad1-mediated transcriptional responses by
antagonizing the HDAC3 activity (Figures 6A–6C). In agreement,
bmp2b-induced embryonic ventralization was counteracted byental Cell 22, 1065–1078, May 15, 2012 ª2012 Elsevier Inc. 1075
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Ppp4c Is Required for BMP Signalingcoinjection of HDAC3 mRNA (Figures 7A and 7B). Specifically,
inhibition of Hdac activity by VPA or depletion of hdac3 expres-
sion in zebrafish embryos compromises embryonic dorsalization
induced by ppp4cb knockdown (Figures 7C–7F). The differential
recruitment of HATs and HDACs has long been implicated in the
Smad-mediated transcriptional regulation (Feng and Derynck,
2005; Xiong et al., 2006). Our results here support an alternative
mechanism in which Smads recruit a phosphatase that nega-
tively modulates HDAC activity for transcriptional activation.
PPP4C Requires Its Phosphatase Activity to Enhance
BMP Signaling
A large number of regulatory proteins can bind to a serine/thre-
onine phosphatase catalytic subunit and act to regulate selec-
tivity, specificity, and activity of the catalytic subunit (Virshup
and Shenolikar, 2009). Few regulatory subunits of Ppp4 have
been identified, and none is known to confer the specificity of
Ppp4c in regulating BMP signaling. The fact that Smad1/
Smad5 bind to Ppp4c and do not serve as the substrates (either
at SSXS motif or linker dephosphorylation) (Figures S5A and
S5B) suggests that Smad1/Smad5 acts as a ‘‘regulatory
subunit.’’ However, association of Smad1/Smad5/Smad8 with
PPP4C does not alter the phosphatase activity of PPP4C (Fig-
ure S5D). Instead, Smad1/Smad5 behave more like a ‘‘targeting
subunit’’ to bring Ppp4c to the proximity of its substrate Hdac3.
On the chromatin, the combined action of Ppp4c-mediated
inactivation of HDAC3 (Zhang et al., 2005) and agonist-induced
recruitment of histone acetylation such as p300/CBP (Feng
and Derynck, 2005; Xiong et al., 2006) leads to an increase in
histone acetylation essential for transcriptional activation.
The action of Ppp4c in dorsoventral signaling and patterning
depends on its phosphatase activity. Ppp4c can enhance the
transcription activity of Smad1/Smad5 and potentiate BMP-
induced ID1 gene transcription; on the contrary, the catalytically
inactive mutant PPP4C-RL has no enhancing activity on the
BMP responses (Figures 4B and 4E). Furthermore, PPP4C
activity correlates well with the elevated histone acetylation at
the BMP target gene promoter (Figure 6F). In the ppp4c-MO
experiments, injection of WT ppp4cb mRNA, but not ppp4cb-
RL mRNA, into embryos can rescue the dorsalizing effect of
Ppp4c depletion in zebrafish embryos (Figures 2B–2G). These
results consistently support the requirement of Ppp4c activity
for normal dorsoventral patterning during early vertebrate
embryo development.
EXPERIMENTAL PROCEDURES
Fish Embryos
WT embryos from Tuebingen strain were used. Embryos were incubated in
Holtfreter’s solution at 28.5C and staged according to Kimmel et al. (1995).
Ethical approval was obtained from the Animal Care and Use Committee of
Tsinghua University.
mRNAs, Morpholinos, and Microinjection
The mRNAs were synthesized in vitro using mMESSAGE mMACHINE Kit
(Ambion), purified using RNeasy Mini Kit (QIAGEN), and dissolved in RNase-
free water. Morpholinos were synthesized by Gene Tools and dissolved in
water. The sequences of antisense morpholinos are listed in the Supplemental
Experimental Procedures.
About 1.5–2 nl mRNAs or morpholinos solution was injected into the yolk of
each embryo between one-cell and two-cell stages. We used the sequential1076 Developmental Cell 22, 1065–1078, May 15, 2012 ª2012 Elseviinjection when two or more factors were injected. The injection dose was the
amount of an mRNA or morpholino received by a single embryo.
Whole-Mount In Situ Hybridization and Immunofluorescence
Whole-mount in situ hybridization was carried out as previously described in
Xiong et al. (2006). Digoxigenin-UTP-labeled antisense RNA probes were
generated by in vitro transcription using a linearized plasmid as template
(Roche). The labeled embryos were immersed in glycerol for getting
transparent, and photographed by using a digital camera (SPOT Insight) under
a Leica MZ16 microscope.
For immunofluorescence in zebrafish embryos, embryos were fixed in 4%
paraformaldehyde for 2 hr, permeabilized in PBD solution (PBST plus 0.5%
Triton X-100) for 2 hr. The embryos were bathed in 1mMethylenediaminetetra-
acetic acid (pH 8.0) at 94C–100C for 10 min and cooled down to room
temperature, then incubated in block solution (PBD plus 4% BSA) for 2 hr at
room temperature. Embryos were then incubated with anti-PPP4C antibody
(Abcam; 1:100) at 4C overnight followed with FITC-conjugated goat anti-
rabbit secondary antibody (Jackson ImmunoResearch; 1:200). DAPI stains
nucleus. The embryos were photographed with Zeiss 710 META laser scan-
ning confocal microscope.
For immunofluorescence in culture cells, cells grown on coverslips were
fixed with 4% formaldehyde for 30 min at 4C, followed by 0.5% Triton
X-100 treatment for 30 min and blocked with 5% milk in PEM buffer
(400 mM Potassium PIPES [pH 6.8], 0.8 mM EGTA, 5 mM MgCl2). Cells
were then probed with primary antibodies, followed by Alexa Fluor 546 or
Alexa Fluor 594 secondary antibody (Molecular Probes). Fluorescence images
were acquired with a Zeiss Axiovert 200M microscope.
ChIP Assay
ChIP assays using WT zebrafish embryos at the shield stage were conducted
as described before in Lindeman et al. (2009) and Liu et al. (2011). IP was
carried out using anti-PPP4C antibody (Abcam) that recognizes zebrafish
Ppp4ca and Ppp4cb. ChIP experiments were repeated two to three times,
and the figures shown are representative results. The sequences of primers
used for ChIP assay are listed in the Supplemental Experimental Procedures.
Stable Cell Line Establishment
To make stable cell lines depleted of Ppp4c, shRNA construct pSRG-Ppp4c-
shRNA-14 (for pSRG, see Lin et al., 2006), which targeted the nucleotides
14–32 (50-gcgacctggaccggcagat-30) of the mouse Ppp4c coding region, was
used to transfect C2C12 cells followed by puromycin selection (2 mg/ml).
Subsequently, two independent lines KD#1 and KD#2 were chosen for
functional assays. Smad1/Smad8 knockdown C2C12 stables were similarly
established by using shRNA construct pSRG-Smad1/Smad8, which targeted
the sequence 50-gatgcagacctccttctgc-30 within the mouse Smad1/Smad8
coding region.
To make stable cell lines expressing PPP4C and RL mutant, the coding
sequences of human PPP4C or PPP4C-RL were subcloned into pBABE-
puro. Retroviral supernatants were generated by transient transfection of
Phoenix cells with pBABE-puro-PPP4C or pBABE-puro-PPP4C-RL. Superna-
tantswere used to infect C2C12 cells. Infected cells were selected with 2 mg/ml
puromycin for 4 days and subjected to analysis.
Transfection, Reporter Assays, Western Blotting,
and Immunoprecipitation
HEK293T and Hep3B cells were transfected with Lipofectin (Invitrogen),
C2C12 cells with Lipofectamine (Invitrogen), and HaCaT cells with SuperFect
(QIAGEN).
The reporter plasmid ID1-Luc (a gift from Dr. Peter ten Dijke) was used
to measure BMP2-induced transcription activation, with cotransfection of
pSVbgal (Promega) for normalization. The amounts of individual plasmid
DNAs used for transfection were 0.25 mg per well (12-well tray) unless specif-
ically indicated in the text. The total amount of transfected DNA was adjusted
to the same amount by addition of vector DNA when necessary. At 20 to 24 hr
after transfection, cells were treated with BMP2 (50 ng/ml) for about 24 hr and
then harvested for measurement of luciferase and b-galactosidase activities.
All values were normalized for transfection efficiency against b-galactosidase
activities. Results were calculated from duplicate assay that was conducted ater Inc.
Developmental Cell
Ppp4c Is Required for BMP Signalingleast three independent times and presented with the mean relative luciferase
activity (RLA) and SD (error bars).
For immunoprecipitation, cells were harvested and lysed 48 hr after
transfection. The tagged proteins were immunoprecipitated from cell lysates
using corresponding antibodies, and after extensive washing, were eluted in
SDS sample loading buffer (Bio-Rad). Eluted proteins were separated by
SDS-PAGE, transferred to nitrocellulose, and detected in an immunoblot
with appropriate antibodies. Antibody-bound proteins were visualized by
horseradish peroxidase-conjugated secondary antibody followed by chemilu-
minescence (Pierce). The detailed information for antibodies and cell lines is
listed in the Supplemental Experimental Procedures.
GST Fusion Protein, In Vitro Protein Binding, and Pull-Down Assays
GST fusion proteins were prepared using a commercial kit (GE Healthcare: Life
Sciences). In-vitro-translated 35S-labeled protein (TNT kit; Promega) was pre-
cleared with 5 mg of GST protein first for 1 hr and then incubated with 5 mg of
different GST-fusion proteins for 2 hr, as indicated in the text, in the in vitro
binding buffer (50 mM Tris-HCl [pH 7.5], 120 mM NaCl, 2 mM EDTA, 0.1%
NP40). Proteins bound to GST-fusion proteins were retrieved by binding to
glutathione Sepharose beads (Amersham Pharmacia Biotech), separated by
SDS-PAGE, and visualized by autoradiography.
PPP4C Activity Assays
The PPP4C activity was examined using p-Nitrophenyl Phosphate (pNPP)
Liquid Substrate System (Sigma-Aldrich) according to the product protocols.
Briefly, PPP4C or PPP4C-RL protein was incubated with Smads in pNPP
substrate solution at 37C for 30min. pNPP substrate solution served as blank
control. The reaction was stopped by adding 1 M NaOH. Absorption of de-
phosphorylated products (p-nitrophenol) at 405 nm was measured in Micro-
plate Reader (Victor X5, 2030 Multilable Reader; PerkinElmer). All values
were normalized for transfection efficiency against b-galactosidase activities.
Results were calculated from duplicate assay that was conducted at least
three independent times.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.devcel.2012.03.001.
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